Abstract. The formation mechanisms of singly and multiply charged organophosphate metabolites by electrospray ionization (ESI) and their gas phase stabilities were investigated. Metabolites containing multiple phosphate groups, such as adenosine 5'-diphosphate (ADP), adenosine 5'-triphosphate (ATP), and D-myo-inositol-1,4,5-triphosphate (IP 3 ) were observed as doubly deprotonated ions by negative-ion ESI mass spectrometry. Organophosphates with multiple negative charges were found to be unstable and often underwent loss of PO 3 -, although singly deprotonated analytes were stable. The presence of fragments due to the loss of PO 3 -in the negative-ion ESI mass spectra could result in the misinterpretation of analytical results. In contrast to ESI, matrix-assisted laser desorption ionization (MALDI) produced singly charged organophosphate metabolites with no associated fragmentation, since the singly charged anions are stable. The stability of an organophosphate metabolite in the gas phase strongly depends on its charge state. The fragmentations of multiply charged organophosphates were also investigated in detail through density functional theory calculations.
Introduction
E lectrospray ionization mass spectrometry (ESI-MS) [1] is widely used for the analysis of biomolecules. Analytes such as peptides, proteins, and nucleic acids are extracted into the gas phase as multiply charged molecules during ESI. The charge states of analytes observed by ESI mass spectrometry are strongly influenced by the chemical properties of the analyte molecules. In particular, the number of ionizable sites in the analyte is important for the charge state of the analyte observed during ESI-MS analysis. In the case of peptides, the number of protons binding to the peptide in the gas phase is similar to the number of protonation sites of the peptide in aqueous solution [2] . The properties of the solvent also affect the charge states of the peptide observed by ESI mass spectrometry [3] , as ion-solvent interactions contribute to the stabilization of the ions in solution [4, 5] . Solvents with high polarity favor analyte ions with multiple charges, probably because of their ability to efficiently solvate ions. In contrast to peptides, the charge states of protein ions observed by ESI mass spectrometry strongly depend on not only their amino acid sequence, but also their conformation. Although the ESI of protein solutions containing organic solvents and acids show broad distributions of highly charged protein ions resulting from the denaturation of proteins in solution, the use of a buffered aqueous solution for ESI avoids protein denaturation and produces narrower distributions of less-charged proteins with native-like conformation [6] . The charge states of positively and negatively charged protein ions with native-like conformation can be increased by exposure to gaseous acids and bases, respectively, through denaturation and subsequent proton transfer reactions [7, 8] . The proton-transfer reactivity of protein ions with volatile bases is influenced by the gas-phase basicities of both the protein ion and the base [9, 10] . The temperature and protein structure are also affected by the reactivity of the protein ion. Regarding the nature of the solvent, the surface tension of the ESI droplet is also influenced by the charge state of the protein [9, 11] . For instance, the addition of less volatile compounds such as glycerol or mnitrobenzyl alcohol increases the charge state of the analyte [12] [13] [14] . This phenomenon is referred to as Bsuperchargingâ nd is observed in both positive-and negative-ion modes [15] . The details of the ESI mechanism for proteins are still under investigation.
We focused on the production of multiply charged small molecules by negative-ion ESI. Recently, Ligand et al. reported that compounds are often required to have low pK a1 and pK a2 values to be observed as doubly charged molecules in negative ESI mass spectrometry [16] . Regarding the difference between ions in the gas phase and in solution, ion-solvent interactions are nonexistent in the gas phase and the lack of such interactions significantly decrease the stabilities of multiply charged molecules when the distances between the charged sites in these ions are small. Therefore, the charge state of the analyte in solution does not always correlate with the charge state observed in the ESI mass spectrum. For example, small organic dicarboxylic acids are mainly observed in their singly charged forms in their ESI mass spectra, although they have low pK a1 and pK a2 values and therefore are mostly present as dicarboxylate ions in aqueous solution [17] . The yield of the dicarboxylate ion increases with increasing carbon-backbone length, indicating that the distance between the charged sites is important for the formation of multiply charge ions by ESI [17] .
In the present study, we focused on the ionization mechanisms of phosphate acid-containing metabolites, since organophosphate metabolites play important roles in a variety of biological processes. In particular, adenosine 5'-diphosphate (ADP) and adenosine 5'-triphosphate (ATP) are ubiquitous biological molecules that play essential biochemical roles, as they are the primary molecules through which energy is transported in living cells. As for small organic dicarboxylic acids, ADP and ATP are usually detected as singly and doubly deprotonated species [18] , although ADP and ATP have three and four deprotonation sites, respectively. According to a previous report [19] , ATP has a low pK a3 value and is therefore present mostly as 3-in neutral aqueous solution. However, 3-is barely observed in the ESI mass spectrum because of the absence of solvent interactions. Because the stabilities of multiply charged small organic compounds in the gas phase are usually low, such reductions in charge occur by proton transfer from solvent molecules during solvent evaporation. In contrast to these proton-transfer reactions, the dissociation of multiply charged molecules to produce fragment ions with fewer charges occurs by Coulombic repulsion. In the case of a peptide, collision-induced dissociation (CID) of doubly protonated peptides mainly produces singly charged product pairs [20] . Similarly , to generate singly charged fragment pairs. Importantly, these fragmentations were found to occur during ESI process; ATP and ADP produced fragment ions with m/z values that correspond to the deprotonated forms of ADP and 5'-adenylic acid (AMP), respectively. Consequently, these fragmentations hamper the unambiguous identification of ATP, ADP, and AMP. A deeper understanding of these ESI-induced fragmentations is necessary for the accurate identification of organophosphate metabolites. The fragmentation mechanisms of organophosphate metabolites were investigated in detail by density functional theory (DFT) calculations. The combined experimental and computational studies reveal that analytes with multiple negative charges facilitate the loss of PO 3 -, whereas singly charged analytes are stable. In order to determine the propensity of multiply charged analytes toward fragmentation, organophosphate metabolites were also analyzed by matrixassisted laser desorption/ionization (MALDI) [21] , which mainly produces singly charged analytes. Since MALDI did not produce multiply charged analytes, fragment ions resulting from bond cleavage at phosphate ester/anhydride linkages were absent in the MALDI mass spectra.
Experimental
Materials AMP, ADP disodium salt, and ATP disodium salt were purchased from Tokyo Chemical Industry Co. (Tokyo, Japan). D-myo-inositol-1,4,5-triphosphate (IP 3 ) tripotassium salt, ammonium formate (HCOONH 4 , LC-MS grade), and 9-aminoacridine (9-AA) were purchased from DOJINDO Laboratories (Kumamoto, Japan), Fisher Scientific (Fair Lawn, NJ, USA), and Sigma-Aldrich (St. Louis, MO, USA), respectively. All solvents used were of LC-MS grade, except for water, which was purified using an ultrapure water purification system (PURELAB flex, Elga, UK). The conductivity of the purified water was 18.2 MΩ/cm.
ESI-MS
Stock solutions (10 mM) of each analyte molecule (AMP, ADP, ATP, and IP 3 ) in water were prepared, and then further diluted with 3:1 (v/v) water/methanol to concentrations of 10 μM. Various amounts of ammonium formate were added to separate analyte solutions to achieve concentrations of 0-10 mM. The analyte solutions were directly injected into a triple quadrupole mass spectrometer (Xevo TQD; Waters, Milford, MA, USA) at a flow rate of 20 μL/min and ionized by a conventional ESI ion source. The capillary and cone voltages were set at 2.5 kV and 20 V, respectively, and the desolvation temperature was set at 400°C. The desolvation and cone gas flows were set at 5.8 and 2.5 L/min, respectively. ESI mass spectra were obtained by scanning the first quadrupole filter over the 40-600 m/z range. For tandem mass spectrometry experiments, precursor ions were mass-selected in the first quadrupole filter, and then dissociated by CID. The CID-MS 2 mass spectra were obtained by scanning the generated fragment ions in the third quadrupole filter over the 60-600 m/z range. The collected data were analyzed using MassLynx software (Waters). In order to confirm the repeatability of the results, experiments were performed more than three times under the same condition to obtain similar mass spectra. Typical ESI-MS and CID-MS 2 spectra are shown in the pertinent figures.
MALDI-MS
Solutions (25 μM) of each analyte molecule (AMP, ADP, ATP, and IP 3 ) in water were prepared. A 9-AA matrix solution was prepared at a 10 mg/mL concentration using a 1:1 (v/v) H 2 O/acetonitrile mixture. Then, 5 μL of the analyte solution was mixed with 5 μL of the matrix solution. A total of 1 μL of the obtained mixture was deposited on a stainless steel plate, and the solvents were left to evaporate under ambient conditions. MALDI mass spectra were recorded using a MALDI-time-of-flight mass spectrometer equipped with a nitrogen laser (AXIMA-CFR Plus; Shimadzu, Kyoto, Japan). Laser power was optimized to obtain MALDI mass spectra with high ion-peak signal-to-noise ratios. The analyzer was operated in linear mode with pulsed ion extraction. Total MALDI mass spectra were obtained from 500 single spectra.
Calculations
All electron structure calculations were carried out with the Gaussian 09 program [22] . The geometries of the analytes were optimized using DFT at the M06-2X hybrid functional [23] and 6-31+G(d,p) basis set. All structures were characterized by frequency calculations to be local energy minima on their respective potential energy surfaces, and harmonic frequencies were used to determine zero-point energy corrections. , transition state (TS) geometries were also optimized at the M06-2X/6-31+G(d,p) level; vibrational frequency analyses exhibited only one imaginary frequency for each TS, confirming that these structures are true transition states. Selected optimized structures and their energies are shown in the pertinent schemes.
Results and Discussion
In the present study, AMP, ADP, ATP, and IP 3 were used as model systems to investigate the ESI ionization mechanism. Solvent pH has been reported to be an important factor that influences the yield of doubly charged ions generated by negative-ion ESI mass spectrometry; these ions were reported to be efficiently produced under alkaline conditions [16, 17] . However, organophosphate metabolites have usually been analyzed by negative-ion ESI mass spectrometry coupled with hydrophilic interaction liquid chromatography (HILIC). For HILIC-ESIMS analysis, the HCOONH 4 buffer was added to the analyte solution at a final concentration of 10 mM. Figure 1 displays the ESI mass spectra of the AMP, ADP, and ATP metabolites. In the spectrum of AMP (Figure 1a) , a peak corresponding to [AMP-H] -is observed to dominate, whereas ADP and ATP produced both singly and doubly deprotonated ions, as shown in Figure 1b and c. Since a compound is required to possess low pK a1 and pK a2 values to efficiently produce doubly charged ions in the negative ESI mass spectrum [16] , we focused on the pK a values of the organophosphate metabolites. The pK a1 and pK a2 values of AMP are 0.9 and 3.8, respectively, whereas these values for ADP and ATP are both less than 2 [19] . As a consequence, AMP is less acidic compared with ADP and ATP, and the low yield of doubly deprotonated AMP is attributed to its higher pK a2 value. Regarding ATP, it possesses four acidic protons, three of which have pK a values less than 2 [19] . However, 3-was absent in its negative ion ESI mass spectrum, probably because of its low stability in the gas phase. Proton-transfer reactions between multiply charged analytes and solvent molecules are suggested to occur during solvent evaporation. Therefore, the charge-state distribution observed in the ESI mass spectrum was not directly predicted from the acidities of the analyte in solution. 
In order to confirm these fragmentation processes, CID-MS 2 analyses of [ADP-2H] 2-and [ATP-2H] 2-were performed (Figure 2b and d 
and [ATP-2H]
2-obtained at the B3LYP/6-31+G(d) level of theory [18] . Herein we used these reported structures as the initial conformation for transition-state searching. In order to locate transition state conformation, the length of each anhydric phosphate bond was increased until an energy maximum was reached; the corresponding conformation was then further optimized to the saddle point at the M06-2X/6-31+G(d,p) level. Subsequent intrinsic reaction coordinate (IRC) analyses [24] confirmed that the optimized transition state structures are linked to the reactants. Calculated fragmentation pathways are shown in Scheme 1.
In the case of [ADP-2H] 2-, ADP possesses three deprotonation sites and two of these groups are strongly ionizable. As shown in Scheme 1a, the minimum energy conformation of [ADP-2H] 2-is deprotonated at two phosphate residues, with the retained proton located on the terminal phosphate group. The transition state corresponding to the cleavage of the anhydric phosphate bond is shown as TS1a. Proton transfer from the terminal to the first phosphate residue occurs concomitantly with bond cleavage; TS1a was calculated to be 128 kJ/ mol higher in energy than the optimized conformation of 2-are 128 and 112 kJ/mol, respectively. The feasibility of the proposed fragmentation pathways during ESI processes is discussed below.
We next turned our attention to the examination of the ESI mass spectrum of IP 3 , an organophosphate metabolite bearing three phosphoric acid residues (Figure 3a) . Each phosphoric acid monoester possesses two acidic protons, and a proton is strongly acid. Therefore, IP 3 (Figure 3c and d) . In contrast, the fragmentation of singly charged IP 3 requires a higher CID energy compared with those of the multiply charged IP 3 ions, and the CID mass spectrum of the singly charged precursor exhibits a variety of fragments (Figure 3b) . Therefore, the CID-MS 2 results suggest that the intense signal corresponding to doubly deprotonated IP 2 
, is formed through the loss of PO 3 -from [IP 3 -3H]
3-during the ESI process. The fragmentation mechanism was subsequently investigated using DFT calculations, and the proposed pathway is shown in Scheme 2. IP 3 bears three phosphate groups and each phosphoric acid monoester possesses a strongly acidic proton. As expected, the calculations reveal that each phosphate group bears a single negative charge in the minimum energy conformation of [IP 3 3-during bond cleavage.
The negatively charged phosphate group is the most probable site for proton accepter. Since the phosphate groups at positions 4 and 5 are bound through hydrogen bonds, bond cleavage and proton transfer occur concurrently when the phosphate ester bonds at positions 4 or 5 are cleaved. As a result, the fragment ion, [IP 2 -2H] 2-, is generated as an alkoxide-bearing compound, and proton transfer from the phosphate moiety to the alkoxide occurs because of the low stability of the alkoxide group. According to the consideration of stereochemistry considered, proton transfer from the phosphate moiety to the alkoxide is possible when the phosphate bond at position 5 is cleaved. Consequently, the cleavage of the phosphate bond at position 5 proceeds since it follows a lower-energy pathway compared with those for phosphate bond cleavage at positions 1 and 4. Therefore, we propose that the PO 3 -originates from the phosphate group at position 5. The calculated fragmentation pathway is illustrated in Scheme 2. The loss of PO 3 -from [IP 3 -3H] . We now focus on the internal energies of the ions generated by ESI, which were investigated using the survival-yield method and the benzylpyridinium Bthermometer^ion [25] [26] [27] [28] . According to previous investigations, ions formed during the course of the ESI process are significantly heated in the atmospheric pressure region, probably because of friction between the fast-moving charged droplets and the gas molecules. Subsequently, the generated gaseous ions are introduced into the vacuum through an orifice and then accelerated by the potential deference between the orifice and the skimmer. As a result, collisions between the analyte ions and the gas also increase the internal energies of the ions. Although this effect depends greatly on the source design, acceleration potential, and the nature of the collision gas used, among other factors [25] [26] [27] [28] , the internal energies of the ions produced by ESI are estimated to be around 180 kJ/mol when standard parameter sets and the benzylpyridinium Bthermometer^ion are used. The organophosphate metabolites are larger than benzylpyridinium and their internal energies depend on their degrees of freedom. Briefly, a relatively large organophosphate metabolite requires more energy to increase its internal temperature by the same amount as the relatively small benzylpyridinium Bthermometer^ion. As depicted in Schemes 1 and 2, the energy barriers for the loss of PO 3 -
2-, and [IP 3 -3H] 3-are around 120 kJ/mol. Although the internal energies of benzylpyridinium and the organophosphate metabolites are not compared directly, the proposed fragmentation pathways are regarded to be feasible for ESI processes.
The ESI operating low temperature has been developed in order to obtain analyte-ion information in the solution phase [29, 30] . In this case, the internal energy of the system before ionization is minimized, allowing for the detection of fragile non-covalent assemblies. The cooling of the ESI source may allow the detection of organophosphate metabolites as the intact form. However, these experimental conditions sometimes provide partially solvated analyte ions [30] , which are detrimental to the analytical procedure.
For comparison, AMP, ADP, ATP, and IP 3 were analyzed by MALDI-MS (Figure 4 ). Since 9-AA has been reported to be an effective matrix in negative-mode MALDI experiments [31] , it was also used in our experiments. As shown in Figure 4 , all analytes were detected as singly deprotonated form, [M-H] -; notably, multiply charged species were absent in the MALDI mass spectra. Importantly, no fragment ions resulting from the cleavage of phosphate ester/anhydride bonds were observed in the MALDI mass spectra. Although the internal energies of the analyte ions generated by MALDI using benzylpyridinium Bthermometer^ion were about 300 kJ/mol [32, 33] , which is~120 kJ/mol higher than those generated by ESI, the MALDI technique did not facilitate fragmentation. Such a phenomenon is probably the result of the high stabilities of the singly charged analytes, confirming that the stability of an analyte ion is strongly related to its charge state. Notably, the organophosphate metabolites induced by analyte fragmentation during ESI that result in the formation of multiply charged analytes contribute to the misinterpretation of the ESI spectra of these species. In contrast, MALDI produces singly charged molecules without any fragmentation, providing accurate information for the identification of organophosphate metabolites.
Conclusion
In order to investigate the details of ESI fragmentation mechanisms, we used the AMP, ADP, ATP, and IP 3 organophosphate metabolites as model systems. The ESI of these metabolites gave mainly singly and doubly charged species, and the fragmentation processes depended on the charge state. Although singly charged organophosphate anions were found to be stable, organophosphates with multiple negative charges often underwent PO 3 -loss. Therefore, the ESI mass spectra of ADP, ATP, and IP 3 2-, respectively. According to DFT calculations, energy barriers for the loss of PO 3 -from multiply charged organophosphate metabolites are around 120 kJ/mol. Since the internal energies of the ions produced by ESI with standard parameter sets is estimated to be around 180 kJ/mol, the proposed ESI fragmentation pathway is feasible. As a consequence, these fragment ions contribute to the misinterpretation of the corresponding ESI mass spectra. In order to unambiguously identify organophosphates, ESI-MS should be combined with chromatographic techniques, with each organophosphate metabolite separated from the other components before ESI-MS analysis. In contrast to ESI, MALDI produced singly charged organophosphate metabolites with no fragmentation. Therefore, MALDI-MS can be used for the direct identification of organophosphate metabolites.
